Information about transcription start sites (TSSs) provides baseline data for the analysis of promoter architecture. In this paper we used paired-and single-end deep sequencing to analyze Arabidopsis TSS tags from several libraries prepared from roots, shoots, flowers and etiolated seedlings. The clustering of approximately 33 million mapped TSS tags led to the identification of 324 461 promoters that covered 79.7% (21 672/27 206) of protein-coding genes in the Arabidopsis genome. In addition we identified intragenic, antisense and orphan promoters that were not associated with any gene models. Of these, intragenic promoters exhibited unique characteristics regarding dinucleotide sequences at TSSs and core promoter element composition, suggesting that these promoters use different mechanisms of transcriptional initiation. An analysis of base composition with regard to promoter position revealed a low GC content throughout the promoter region and several local strand biases that were evident for TATA-type promoters, but not for Coreless-type promoters. Most observed strand biases coincided with strand biases of single nucleotide polymorphism rate. Our analysis also revealed that transcription of a gene is supported by an average of 2.7 genic promoters, among which one specific promoter, designated as a top promoter, substantially determines the expression level of the gene.
INTRODUCTION
All genes require a promoter, or a region that determines the position, direction, frequency and timing of transcription. Recent studies of RNA polymerase II (Pol II)-dependent promoters have revealed the existence of a few types of core promoter elements that determine the position and direction of transcription. In mammals, Pol II-dependent promoters can be divided into two types according to the core promoter elements. One comprises TATA-type promoters, which each contain a TATA box, have a sharp TSS peak (Suzuki et al., 2001; Carninci et al., 2006) and are enriched among genes expressed in a strong (Moshonov et al., 2008) and tissue-specific manner (Schug et al., 2005) . The other comprises CpG-type promoters, which contain CpG islands, have a broad TSS peak (Suzuki et al., 2001; Carninci et al., 2006) and are enriched in ubiquitously expressed genes (Schug et al., 2005) . The coverage rates of these types among the 30 969 mouse promoters are 10.4% for the TATA type and 51.1% for the CpG type (Taylor et al., 2006) . Although the mouse genome contains some Coreless promoters, little is known about them.
Higher plants share the TATA box with mammals and yeasts as a core promoter element (Suzuki et al., 2001; Basehoar et al., 2004) . Our genome-wide promoter analysis of higher plant and mammal promoters revealed that plants lack CpG-type promoters (Yamamoto et al., 2007a) and contain plant-specific core elements, the Y Patch, GA and CA elements (Yamamoto et al., 2007a (Yamamoto et al., ,b, 2009 . TATAtype promoters of higher plants are enriched among genes that respond to environmental stimuli, whereas ubiquitously expressed genes tend to have Coreless-type promoters (Yamamoto et al., 2007b (Yamamoto et al., , 2011b . These studies have revealed both conserved and plant-specific features of plant promoters.
Further reports of human genes demonstrated that those with a TATA-type promoter have a more compact gene structure in terms of mRNA and intron lengths and also the number of introns per each gene compared with genes with a TATA-less promoter (Moshonov et al., 2008) . In plants, genes with TATA-type promoters tend to have a shorter 5 0 untranslated region (UTR) but a longer promoter (Yamamoto et al., 2011b) . These studies indicate that the core promoter type affects not only transcriptional characteristics but also the structure of the corresponding gene. Despite the above knowledge, our understanding of the role of genic promoters in the transcription of protein-coding genes in higher plants remains limited. For example, we do not know which element or structure is responsible for the transcription of Coreless-type promoters. As transcriptional regulatory elements have not yet been fully identified in a plant genome, the structures of promoters cannot be completely defined. Our knowledge is further limited regarding promoters for non-coding RNAs (Xie et al., 2005) . In addition, little is known about non-genictype promoters, including intragenic, antisense and orphan promoters. Although some of these promoters have been experimentally identified, they have not yet been characterized (Yamamoto et al., 2009; Mejia-Guerra et al., 2015; Alkhateeb et al., 2016) .
The positions and directions of promoters can be experimentally identified through analyses of TSS tags. Information about experimentally identified TSSs can be used not only to determine the positions and directions of promoters but also to identify position-dependent promoter elements, including all core elements (e.g. TATA box, Inr, Y Patch, and GA and CA) and some transcriptional regulatory elements (REG) (Yamamoto et al., 2007a (Yamamoto et al., ,b, 2009 . In other words, reliable detection of promoter structure is possible only for genes with available information on their TSS.
Deduced promoter structure based on TSS information promotes not only studies on gene regulation, which is the central part of development and environmental adaptation of plants, but discovery of regulatory single nucleotide polymorphisms (SNPs) in population genetics [genomewide association studies (GWAS) and expression GWAS], comparative genomics and eco-genomics.
Two reliable TSS analysis methodologies have been developed: the oligo-cap method (Otsuki et al., 2005; Tsuchihara et al., 2009 ) and cap analysis of gene expression (CAGE) (Shiraki et al., 2003; Kodzius et al., 2006; Takahashi et al., 2012) , which is based on the Cap-Trapper method for the preparation of so-called full-length cDNA. Large-scale random sequencing of TSS tags and mapping to the corresponding genome provides information about the position, direction and strength of transcription. These methods have contributed to a deeper understanding of promoter structure and have provided pivotal data used to detect position-dependent promoter elements, including all core elements and some transcriptional regulatory elements (FitzGerald et al., 2004; Carninci et al., 2006; Ni et al., 2010) . Deep TSS analyses have also revealed that genes are often transcribed by multiple promoters Yamamoto et al., 2009) . However, it is not clear how they contribute to gene expression.
TSS analyses have also been applied to plant genomes, thus revealing some trends in transcriptional characteristics (Yamamoto et al., 2009; Morton et al., 2014; MejiaGuerra et al., 2015) . These studies led to the successful discovery of novel core elements, the characterization of the relationships between core elements and expression profiles, and the identification of alternative promoters for genes that encode distinct translation products in different organelles. However, the amount of TSS data supplied by these studies could not provide sufficiently high coverage of genes in a genome. In addition, these studies focused on highly expressed genic promoters, and accordingly weakly expressed non-genic promoters remain to be characterized.
As mentioned, promoter annotation requires high TSS coverage of genes in a genome. This feature also supports our method for predicting transcriptional regulatory elements based on transcriptome data (Yamamoto et al., 2011a) , which requires a set of 1-kb promoter sequences aligned at the TSS. In this study, we subjected TSS tags, prepared from various Arabidopsis tissues under different physiological conditions, to deep sequencing. A parallel analysis involving paired-end TSS tag sequencing and carefully applied Cap-Signature methodology (Yamamoto et al., 2009) helped us to establish reliable data sets from which artifact TSS tags could be removed. We used a combinational approach involving the paired-end and single-end methods, wherein the results of the paired-end analysis were used to develop gene models in the 5 0 UTR region and those of the lighter-weight single-end analysis were used for quantitative analyses. Our data covered up to 79.7% of protein-coding genes and led to the discovery and characterization of non-genic-type promoters, including intragenic, antisense and orphan promoters. Our promoter analysis with the aid of the TSS information has revealed several new biological insights, such as genomewide detection of promoter structure, discovery of multiple promoters for dual-targeted proteins, avoidance of TATA type promoters for chloroplast and mitochondrial proteins, dominance of one promoter among multiple genic promoters for a gene and trends of SNP frequency regarding the promoter types.
RESULTS
Determination of the maximum 5 0 untranslated region using paired-end TSS tag sequencing data
In our previous study, we associated experimentally determined promoters comprising TSS clusters with gene models based on distances from the translation start site of each gene model; promoters with the same orientation as the downstream neighboring gene model that were located within 1 kb from the ATG codon were considered to belong to the gene model (Yamamoto et al., 2009) . In this study, we introduced the experimental association of promoters with gene models.
First, the 5 0 UTRs of Arabidopsis gene models in TAIR10
were extended using paired-end TSS tag sequencing data to determine the maximum 5 0 UTR for each gene model. As shown in Figure 1 (a), paired-end TSS tags were used to 'walk' towards the 5 0 direction from an established gene model and thus extend the 5 0 UTR that was previously determined based on expressed sequence tag and fulllength cDNA information (Lamesch et al., 2012) . This 'walking' started from the 5 0 UTR of TAIR10 or, if no 5 0 UTR information was available, from the coding sequence. We used paired-end sequencing data of 27 million TSS tags to extend the 5 0 UTRs of 27 526 genes from TAIR10, and could therefore assign maximum 5 0 UTRs to 29 090 genes, corresponding to 87.3% of Arabidopsis genes (Figure 1b) . The maximum 5 0 UTR information is presented in Data S1 in the Supporting Information. The median 5 0 UTR extension length is 201 bp, and the resulting maximum 5 0 UTR has a median length of 319 bp, as shown in the panel. The paired-end TSS tag sequencing data were used only to determine the maximum 5 0 UTRs.
Determination of promoter positions and associations with gene models
Next, we prepared six TSS tag libraries from leaves, roots, flowers, etiolated seedlings and light-stress-treated seedlings using the oligo-cap method (Yamashita et al., 2011) and subjected these to single-end sequencing. The preparation of TSS tags from multiple tissues facilitates high coverage of genes in a genome. In this analysis, 33 172 231 (33 M) TSS tags containing the Cap-Signature (Yamamoto et al., 2009) were successfully mapped to the Arabidopsis nuclear genome. Mapped TSS tags were then subjected to clustering as illustrated in Figure S1 to yield 324 461 TSS clusters. Theoretically, each TSS cluster should be supported by a corresponding promoter, but it is often difficult to identify this promoter (i.e. determine the promoter region). Therefore, in this paper, by a TSS cluster we refer to its corresponding promoter. The identified clusters (i.e. promoters) were classified into four categories according to our extended maximum 5 0 UTR-containing gene models: genic, intragenic, antisense and orphan (Figure 2a) . Overall, 59 628, 193 208, 42 the genic, intragenic, antisense and orphan categories, respectively ( Figure 2b ). Of these, genic promoters had the highest average activity level (465.54 tags per promoter) whereas the other categories exhibited much less activity (11.15-75.65 tags per promoter; Figure 2b ). Recently, re-annotation data of the Arabidopsis genome were released as Araport11 (Cheng et al., 2017) . To correlate our TSS data with this annotation, we also determined the maximum 5 0 UTRs ( Figure S2a , Data S2) and categorized TSS clusters to gene models using Araport11 annotation (Figure S2b, Data S3) . In this application for Araport11, the cluster numbers belonging to genic, intragenic and antisense categories are slightly larger than that of TAIR10 (Figures 2 and S2b; e.g. 61 982 for the genic category in Araport11 versus 59 628 in TAIR10). Looking at the major genic promoters for each gene, Araport11 obtained promoters for 955 Araport11-specific loci and lost 644 TAIR10-specific loci, with 21 567 loci being shared. As for the shared loci, 20 932 promoters were exactly the same between the two annotation systems. These results, including others, suggest that characteristics of each promoter category, excluding one for non-coding RNA genes, are shared by the two annotation systems. As mentioned, we used the TAIR10-based promoter categorization after association to gene models.
Association of promoters to gene models
The 59 628 genic promoters identified covered 22 211 genes and included 21 672 protein-coding genes that corresponded to as many as 79.7% of the Arabidopsis protein-coding genes. This coverage was considerably higher than the 35.4% (9627 genes) coverage rate reported in our previous study (Yamamoto et al., 2009 ) and the 64.8% (17 619 protein-coding genes) rate reported by Morton et al. (2014) . In this study, we identified 2.7 genic promoters on average for one gene (59 628/22 211; Figure 2b ), and the most highly expressed promoter among them was selected as the top genic promoter. The TSS positions, promoter sequences from À1000 to +1 relative to the peak TSS, and core promoter types of the top genic promoters for 22 211 genes are listed in Data S4. Besides TAIR10 data, data for Araport11 are also provided in Data S5.
Much lower coverage was observed for non-coding RNA gene promoters (10.7% for miRNA and 41.8% for ncRNA) than for the genic promoters of protein-coding genes (Figure 2b) . This low coverage might be attributable to the involvement of non-Pol II transcription or the reduced stability of unprocessed transcripts with a cap. The pseudogene coverage rate was also low (16.6%). This result was consistent with a report finding that expression of the majority of pseudogenes (81%) was undetectable (Yamada et al., 2003) .
A total of 14 168 promoters in the Arabidopsis genome was reported as a sum of the intragenic, antisense and orphan groups (Yamamoto et al., 2009 Figure S1 . Promoters were categorized as follows: genic, clusters in maximum 5 0 untranslated regions (Max 5 0 UTRs) with the same direction as the gene; intragenic, clusters in a region from the translation start site to the end of the gene model with the same direction as the gene; antisense, clusters within transcribed regions with the opposite direction to the gene; and orphan, clusters that were not associated with any gene model. (b) Summary of the TSS categorization. Genic promoters were further classified as protein coding, miRNA, ncRNA or pseudogene. Pre-tRNA and prerRNA genes were excluded from the analysis. C2 tag-supported clusters were determined as C1 clusters for which the tags were supported by C2 tags at a rate higher than 50%. For C2 tags, see Figure S3. identified promoters; approximately 50% for exon promoters) (Mejia-Guerra et al., 2015) . The expression levels of antisense promoters were one order lower than those of genic promoters (tag/promoter; Figure 2b ).
Evaluation of tag data
All of our TSS tags contained the Cap-Signature, a C at the 3 0 end of the (À) cDNA strand [G at the 5 0 end of the (+) strand] that was artificially added in a cap-dependent manner via Moloney murine leukemia virus (MMLV) reverse transcriptase (Potter et al., 2003; Yamamoto et al., 2009) . These tags are accordingly called C1 tags with a Cap-Signature. C1 tags are problematic when the genomic sequence at À1 relative to TSS is G, as it is therefore impossible to distinguish the first G in the TSS tag from cap-dependent reverse transcription from a G derived from the transcript sequence. The latter situation might include undesirable artifacts from non-capped RNA species (e.g. processed or digested transcript fragments).
We prepared a C2 tag set from C1 tags by filtering out all tags with genomic sequences corresponding to a CapSignature of G ( Figure S3 ). Although the C2 tag set is more reliable than the C1 tag set, it features the blind spot of exclusion of all TSSs with a G at the genomic À1 position. Therefore, C2 tags alone would be insufficient for promoter analysis but useful for evaluations of C1 tag clusters. We used the C2 tag set to evaluate the promoter categories.
Figure 2(b) shows the results of our C2 assessment of genic, intragenic, antisense and orphan promoter fractions. In this assessment, a C1 cluster was deemed C2 tag-supported if the C2 tag coverage exceeded 50%. All genic promoter categories, including protein coding, miRNA, ncRNA and pseudogenes, exhibited more than 80% support from the C2 tag set. The intragenic and orphan promoters also exhibited high C2 tag coverage (>50%). In contrast, antisense promoters were 42.1% covered, a considerably lower rate than those obtained for the genic, intragenic and orphan promoters (Figures 2b and S4 ). As these results suggest that the antisense promoters defined by C1 tags include a considerable number of artifacts, we performed a comparative analysis of antisense and other promoter categories using only C2-supported promoters, as shown in Figure S4 .
We also compared TSS data with those from our previous study, using the Cap-Trapper method (Yamamoto et al., 2009) . We reviewed approximately 200 times more TSS tags in this analysis, compared with the previous analysis. As shown in Figure S5 , highly expressed promoters exhibited no or only small changes in the peak TSS positions, and 62.8% had a shift of <21 bp in the peak TSS. Weakly expressed promoters exhibited longer peak TSS shifts, and these results suggested more accurate peak TSS detection via deeper sequencing. Assuming this interpretation, the comparison demonstrated good consistency between our new TSS data and data from our previous analysis.
Application of the TSS data
The most common application of TSS data is recognition of promoter structure. All known core elements and position-sensitive regulatory elements (REGs) can be identified from the position of a peak TSS in the genic promoter for a particular gene. For each gene, mapping information of promoter elements based on these TSS data and the distribution of TSS tags can be viewed at ppdb, the Plant Promoter Database (http://ppdb.agr.gifu-u.ac.jp; Hieno et al., 2014) . Figure 3 (a) introduces the detected promoter structure for ALUMINUM-ACTIVATED MALATE TRANSPORTER 1 (ALMT1), which encodes a malate transporter and is activated by aluminum stress (Tokizawa et al., 2015) . Information about the position of the peak TSS of the top genic promoter (TSS1) was used to search for core elements. Accordingly, a Y Patch and TATA box were detected as core elements within the expected regions (À45 to À18 for the TATA box and À50 to +50 for the Y Patch) (Yamamoto et al., 2009 ). In addition, three REG-type regulatory elements were also detected within the expected region (À300 to À40) (Yamamoto et al., 2007b) . The TSS data showed that the ALMT1 gene contains two more weak promoters, TSS2 and TSS3, and the former is accompanied by a TATA box at an appropriate distance, as shown in Figure 3(a) . This figure demonstrates detection of a promoter structure by applying TSS data to a genome sequence. Our experimental analysis confirmed that three detected REGs in the ALMT1 promoter are all functional (Tokizawa et al., 2015) .
Another application of the TSS data is introduced in Figure S6(a) . Obara et al. (2002) reported that monodehydroascorbate reductase (MDAR), an enzyme that facilitates regeneration of ascorbate, could be detected in both mitochondria and chloroplasts and that genic and intragenic promoters (TSS-L and TSS-S, respectively) produced fulllength and truncated polypeptides, respectively, which targeted different organelles (Obara et al., 2002) . As shown in Figure S6 (a), these two MDAR (MDAR6) promoters were confirmed in our study, although the positions differed slightly from the previous report.
Thirty-one dual-targeted proteins were reported by Carrie et al. (2009) , and among these we found that five associated genes possess both genic and intragenic promoters, suggesting the production of heterogeneous polypeptides from a single gene by a pair of genic and intragenic promoters ( Figure S6b ). Stromal ascorbate peroxidase (sAPX) has also been reported to target multiple organelles, mitochondria and chloroplasts, and the long and short translation products are known to be differently transported ( Figure 3b ; Chew et al., 2003) . The application of our TSS data to this gene revealed the presence of multiple genic and intragenic promoters that corresponded to long and short translation products, thus revealing an analogous situation to that of MDAR6 (Figures 3b and S6a). These data strongly suggest that the expression of two translation products of sAPX for differential intracellular targeting are initiated by the presence of two active promoters.
Comparison of features between genic promoters and other categories
Several core promoter elements, including the TATA box, Y Patch, GA and CA elements, have been identified using experimentally identified TSS data in plants (Yamamoto et al., 2007a (Yamamoto et al., , 2009 . Of these, the Y Patch, GA and CA elements are considered specific to plants. Our previous study found positive correlations between the expression level and the ratios of core elements (TATA box, Y Patch, GA and Inr) (Yamamoto et al., 2009) . Moreover, we also reported that the promoter shape was determined by the core promoter type (TATA and Y Patch; sharp type, GA and Coreless; broad type) (Yamamoto et al., 2009) . We confirmed these promoter characteristics using newly generated TSS data ( Figure S7 ).
In contrast to the well-studied genic promoters, little is known about non-genic types, including intragenic, antisense and orphan promoters, especially in plants. To characterize these non-genic promoters, we compared the trends of core promoters and TSS types between nongenic and genic promoters. In this analysis, we selected only C2-supported promoters for all analyzed categories ( Figure S4b ). Antisense promoters received much less support from C2 tags (Figure 2b ), and therefore a considerable proportion of this category could potentially contain artifacts in the C1 population.
The ratios of a promoter category among fractions of total promoters that were stratified by expression level, measured by tag number per promoter, are shown in Figure 4(a) . The ratio of genic promoters was very low (0.11) in the lowest expression fraction (one tag), but increased in accordance with increases in the expression level. The highest ratio of genic promoters was 0.94 in the highest expression fraction (≥4097 tags), demonstrating that almost all highly expressed promoters were in the genic category. In contrast, non-genic promoters (intragenic, antisense and orphan) exhibited the opposite tendency. In other words, their promoter ratios decreased with (AT1G08430) is shown. In this region, three TSS clusters, TSS1-TSS3, were identified. TSS1 is the predominant cluster for the gene with the most TSS tags and is shown as the 'Top genic promoter' in the figure. According to the peak TSS position of TSS1, promoter elements can be searched in a position-dependent manner (TATA box À45 to À18, Y patch À50 to +50 and REG À300 to À40 relative to TSS) as illustrated at the bottom of the panel. Elements discovered through this search are summarized in the illustration in the middle of the panel. A second TATA box corresponding to TSS2, shown in gray, was also found. (b) The upper illustration shows two different sAPX isoform proteins reported by Chew et al. (2003) . The lower images are Plant Promoter Database (ppdb) snapshots of the corresponding region. Three gene models (TAIR10) are available for sAPX -AT4G08390.1, AT4G08390.2 and AT4G08390.3 -and the bottom, top and middle sequences correspond to these gene models, respectively. Sequences highlighted in blue and yellow are the coding regions and 5 0 untranslated regions, respectively. The graph at the bottom indicates the distribution of TSS tags. Two TSS clusters, genic and intragenic, are shown, and their peak TSSs are indicated with asterisks. increasing expression levels. Regarding orphan promoters, we observed that highly expressed promoters in this category were located proximal to rDNA genes with extremely high expression. Therefore, we assumed that these transcriptional activities are influenced by very strong rRNA promoters and their activation is attributable to exceptional situations. When promoters located within 4 kb of rDNA were removed from the analysis (dotted gray line in Figure 4a) , the observed trend for orphan promoters became similar to those for intragenic and antisense promoters. These results revealed contrasting features between genic and non-genic promoters.
We next investigated the core element compositions for each promoter category. Figure 4(b) shows the ratios of promoters containing each core element from the promoter categories. 'Coreless' indicates that a promoter did not contain a TATA box, Y Patch, CA or GA element. The genic category was subclassified into genic-protein coding and genic-miRNA.
Compared with genic-protein coding promoters, genicmiRNA promoters have a considerably higher TATA ratio and lower CA element and Coreless ratios. An example of a miRNA promoter structure and a list of identified miRNA gene promoters are shown in Figure S8 and Data S7, respectively. In contrast, intragenic, antisense and orphan promoters exhibited lower ratios of TATA, Y Patch, GA and CA elements and were more likely to be Coreless. This analysis revealed differences in the compositions of core elements among the genic-protein coding, genic-miRNA, and non-genic groups. Interestingly, the last group also exhibited the same low expression characteristics shown in Figure 4 (a), suggesting that these two results are related. Figure S9 shows the core element compositions for each promoter category, stratified by expression level. The results indicate that the trends of core elements regarding expression level are essentially the same, regardless of the promoter category. Therefore, the trends of core elements -specifically, enrichment of TATA box, Y Patch, GA and CA elements in highly expressed promoters and enrichment of Coreless promoters in low expression fractionsare conserved among genic and non-genic promoters. The expression level of each promoter category is consistent with the core element composition (e.g. highly expressed genic promoters were enriched for the TATA type but not for the Coreless type). In addition, possible differences in the in vivo half-lives of transcripts from different promoter categories would also contribute to expression profiles, as shown in Figure 4 (a) (e.g. genic mRNA transcripts would be more stable than other types of transcripts).
Figure 4(c) presents analyses of the local sequences around TSSs. In our previous study we identified a dinucleotide motif, the YR rule (+1 is underlined; Y is C or T and R is A or G), that is applicable to plants (Yamamoto Figure 4. Expression characteristics, core promoter ratio and ratio of transcription start site (TSS) type in the promoter category. Promoters supported by C2 tags ( Figure S4 ) were used for the analysis.
(a) Total promoters were stratified by expression level as indicated on the horizontal axis, and the ratios of promoters belonging to each promoter category within each promoter fraction are presented as line graphs. The gray dotted line indicates the results for orphan promoters after excluding 170 promoters located within 4 kb of rDNA. Promoters classified into more than one category because of overlapped gene models were eliminated from the analysis.
(b) The core promoter ratio for each promoter category. The insert is an enlargement of the CA ratio graph. Asterisks indicate significant differences from Genic-All, shown in red (Fisher's exact test, P < 0.05).
(c) Ratios of TSS types that match the YR rule for each promoter category.
(d) Comparison of the peak ratio for each promoter category. The peak ratio is an indicator of promoter shape, and a high ratio indicates a peaky TSS cluster. Promoters with ≥33 tags were used for this comparison. The horizontal lines in box plot figures indicate the median peak ratios, and the boxes themselves include the second and third quartiles. The top and bottom whiskers indicate 75-90% and 10-25% of the peak ratio population, respectively. Different letters indicate significant differences (pairwise Wilcoxon rank-sum test with Bonferroni correction, P < 0.05).
et al., 2007b) and mammals . We compared YR rule coverage and also dinucleotide sequences of the rule among genic and non-genic promoters. This analysis revealed the highest level of coverage (>80%) among genic promoters. Although antisense and orphan promoters also exhibited high coverage, intragenic promoters had a very low motif coverage rate of 42%.
When the use of all dinucleotide sequences was examined at the TSS, intragenic promoters were revealed to receive the least preference in the À1/+1 sequence ( Figure S10 ). The shapes of TSS clusters are compared in Figure 4 (d). The vertical axis of the graph indicates the peak ratio, which shows the relative number of TSS tags of a peak TSS over the total TSS tags of a cluster. If all TSS tags in a cluster come from one specific TSS, the peak ratio is 1.0 and the shape of the TSS cluster is considered as 'sharp'. The figure panel indicates that genic, antisense and orphan promoters included both sharp and broad TSS clusters, whereas the majority of intragenic promoters were broad. These data are consistent with the results of Figure 4 (c), as the high peak ratio correlates with high YR rule coverage (Yamamoto et al., 2009) .
Low TATA ratio among promoters for chloroplast and mitochondrial proteins TATA-type promoters have several functional features conserved between plants and mammals, including high expression, sharp-peak TSS clusters, and 'regulated', rather than constitutive, gene expression (Schug et al., 2005; Carninci et al., 2006; Yamamoto et al., 2009 Yamamoto et al., , 2011b . We evaluated which genes preferred the TATA-type promoter by subjecting genes driven by TATA-type promoters to a Gene Ontology (GO) analysis.
Among the three GO classification types of 'molecular function', 'biological process' and 'cellular components' the last classification exhibited the widest variance in TATA ratios (standard deviations for the classification types were 0.06, 0.08 and 0.11, respectively, among TATA-type promoters,). As shown in Figure 5(a) , the overall TATA ratio of all genes used for the GO analysis was 0.32. Extremely high ratios were obtained for 'cell wall' and 'extracellular' genes. Although the reason for this finding remains unknown, these genes may be enriched for regulated gene expression ( Figure S11 ).
On the other hand, significantly lower ratios were obtained for 'chloroplast'. 'mitochondria' and 'plastid' genes. These GO categories contain genes with low expression levels relative to the characteristics of TATAtype promoters, which might explain the lower TATA ratio. However, the expression levels of the GO categories (Figure 5b) are comparable to or higher than the average ('ALL'), thus contradicting this explanation. Possibly, these GO categories contain smaller numbers of 'regulated' genes, which would also meet the characteristics of TATA-type promoters. However, a GO analysis of stressresponsive genes ( Figure S11 ) revealed the non-viability of this possibility. Rather, there must be another cause for the observed low TATA ratio.
'Chloroplast', 'mitochondria' and 'plastid' genes are all enriched in genes transferred from the corresponding organellar genomes (Smith, 2014) . Therefore, we examined the TATA ratios of putative nuclear genes from the chloroplast genome, which were computationally identified as genes with a cyanobacterial origin ('Cyano origin') (Martin et al., 2002) . This group was not limited to genes for 'chloroplast', 'mitochondria' and 'plastid', as approximately two-thirds of the genes correspond to other GO categories such as 'other membranes', 'other intracellular components' and 'other cytoplasmic components' (Figure S12) . Therefore, the Cyano origin group differed considerably from the 'chloroplast' or 'mitochondria' categories. However, the TATA ratio of the former group was lower than that of either category (Figure 5a ). These results suggest that genes with an organellar origin are more strongly enriched for TATA-less promoters than the global average.
Gene expression is predominantly determined by a single promoter
In mammals, one gene is transcribed from multiple genic promoters Ni et al., 2010) . Our results from Arabidopsis indicate that there are 2.7 promoters per gene on average. To understand how multiple genic promoters could contribute to gene expression, we hypothesized two possibilities: (i) multiple promoters contribute equally to gene expression and the summed promoter activity is important when determining the expression level, and (ii) one specific promoter predominantly contributes to gene expression and the contributions of the other promoters are negligible.
To examine these two hypotheses, we calculated the ratio of the most active promoter in an expressed gene to the total promoter activity using the tag counts of each promoter (Figure 6a ). The most highly expressed promoter among genic promoters of a gene was selected as the 'top' genic promoter, and the coverage of this top promoter over the total expression of the gene of interest was calculated as the top promoter dominance in a gene. Our results indicated dominance rates as high as 81.8% in the leastexpressed genes (31-60 tags per gene), and this rate increased as the total level of gene expression increased. The highest coverage rate of 98.8% was obtained for the most highly expressed genes (7681 tags per gene). Figure 6(b) shows the number of genic promoters per gene according to expression level. Here, there are approximately three promoters per gene, regardless of the expression level. However, only one promoter predominantly influenced gene expression. These results also suggested that an increase in gene expression is solely supported by the top promoter (Figure 6c ).
High expression correlates with a short 5
0 UTR
The lengths of 5 0 UTRs differ among species. Mejia-Guerra et al. (2015) reported that the median 5 0 UTR length in Arabidopsis (112 bp) was significantly shorter than in maize (154 bp), mouse (159 bp), human (171 bp) or Drosophila (191 bp). We calculated the lengths of the 5 0 UTRs for all genic promoters and top promoters as the distance from the peak TSS to the translation start site (ATG), based on our quantitative TSS data. The median 5 0 UTR length for the genic top promoters was 83 bp (dashed line in Figure 7a) , shorter than the 112 bp reported by Mejia-Guerra et al. (2015) . This difference is attributed to promoter selection. We selected top genic promoters for the analysis, whereas Maria-Guerra and colleagues analyzed total genic promoters. 0 UTR lengths of top promoters relative to companion promoters was consistent with the stronger expression of top promoters.
The same type of analysis was applied to the TATA-and Coreless-type genic promoters (Figures 7b and S13) . For both populations, the relationship between the 5 0 UTR length and expression level was conserved with regard to Figure 5 . Preference for TATA-positive and -negative genic promoters among Gene Ontology (GO) categories. The top genic promoters of protein-coding genes were subjected to this analysis. (a) The ratios of TATA-containing promoters among GO categories for cellular components (TAIR10) are shown. 'Cyano origin' describes a group of Arabidopsis nuclear genes of suspected cyanobacterial origin (Martin et al., 2002) . Asterisks indicate significant differences from the average of all promoters (ALL) (Fisher's exact test, P < 0.05). (b) Expression levels (tpm, tags per million) of genes for each cellular component are presented as boxplots with medians and second and third quartiles. The upper and lower whiskers indicate 75-90% and 10-25% of the value ranges, respectively. The horizontal dashed line indicates the median expression level of ALL promoters. The GO categories in (a) correspond to those in (b).
overall trends and peak positions. A comparative analysis suggested a common characteristic, regardless of core promoter type. However, these populations differed in the median 5 0 UTR length. The TATA-type top promoters have a median 5 0 UTR length of 70 bp, or shorter than the 85 bp calculated for Coreless-type top promoters, and this finding was consistent with the stronger expression of TATAtype promoters (Figures 7b and S13 ).
Trends of SNPs in the promoter region
Finally, we surveyed trends in promoter mutations using 80 accessions from released genomes representing natural variations of Arabidopsis in Europe, North Africa and west and central Asia (Cao et al., 2011) . Using the Columbia accession as a reference, the genome sequences of the accessions were aligned, and information on SNPs was summarized by promoter positions. The observed SNP ratios were normalized to the base composition at the corresponding promoter position ( Figure S14) . Taylor et al. (2006) reported a lower mutation rate among TATA-type promoters in mammals compared with the rates among other types in the range, approximately À50 to À1000 bp relative to the TSS, suggesting that TATA-type promoters are more conserved and therefore more mature than other promoter types (Taylor et al., 2006) . We used Arabidopsis SNP data to determine whether this tendency could be observed in a plant genome. Figure 8 (a) presents the normalized SNP ratios for the TATA, GA and Coreless types of top genic promoters, with an average of 16 896 promoters. The three types of promoters exhibited overall profiles similar to the summed data (All), wherein SNP ratios decreased from À400 bp relative to the TSS to +100 bp. No such conservation was observed for orphan promoters, which had a rather even SNP ratio from À1000 to +100 bp ( Figure S15 ). These results indicate differences in behavior between genic and orphan promoters.
The TATA and Coreless types had the highest and lowest SNP ratios, respectively, in the region from À1000 to À400 bp. This order was reversed near À300 bp and in the subsequent downstream region. Therefore, the highest conservation of TATA-type promoters was observed in a narrower region (À200 to À50 bp) in Arabidopsis than in mammals.
The two extreme promoter types, TATA and Coreless (Figure 8a) , were further compared. We analyzed the base composition, generation ratio of each base and individual SNP ratios according to promoter position. Figure 8(b, c) shows the base compositions of the TATA and Coreless types, respectively. Both types exhibited a higher AT content relative to GC throughout the promoter region, consistent with the low GC content in the non-coding region of the Arabidopsis genome (32.4-33.0%) (The Arabidopsis Genome Initiative, 2000). AT and GC pairs appeared at similar rates from À1000 to À300 bp, indicating a lack of base composition strand bias in that region.
However, the TATA type is also associated with several uneven regions indicative of strand bias, in addition to the TATA box and TSS sites. These include the following regions: [i] a higher rate of appearance of A over T from À200 to À50; [ii] a higher rate of T over A from À50 to À30 bp (immediately upstream of the TATA box); [iii] a higher rate of C over G from À100 to +100; and [iv] a higher rate of A over T from +1 to +50 (Figure 8b ). These strand biases were all more clearly observable in the TATA type than the Coreless type (Figure 8b,c) . Notably, our TATA-type promoter selection was rather strict (Yamamoto et al., 2009) , and some promoters containing a weak TATA box or TATA-like sequence at the TATA box position were considered as 'TATA negative' and may have been classified as a Coreless type. Regions [ii] , [iii] and [iv] appeared in an Arabidopsis study reported by Alexandrov et al. (2006) . However, our data (Figure 8b ) demonstrate more drastic differences. The functional implication of region [i] is not known. We suggest that regions [iii] and [ii] reflect the generation of the Y Patch in the corresponding regions because the sequence, location of bias and preferential appearance in the TATA-type promoters meet the characteristics of the Y Patch (Yamamoto et al., 2009) . Region [iv] and its function will be discussed later.
We next evaluated SNP types. Using all SNP ratios, we summarized 'net generation rates' for A, C, G and T (Figure 8d,e) . These were calculated as the sums of corresponding SNP ratios that changed to a specific base after subtracting corresponding SNP ratios that changed from that base. For example, the net generation rate for A was calculated as follows:
As shown in the figure panels, the generation ratios for an A-T pair and a C-G pair were very similar, indicating a parity of generation rates between (+) and (À) strands. The generation rates for A and T were both positive and those for C and G were both negative throughout the promoter region, indicating that SNPs generated A/T and removed C/ G in both the TATA and Coreless types of promoters. This trend was reflected in the current base composition of Arabidopsis promoters, wherein the ratios of A and T were approximately twofold higher than those of C and G for both types of promoter (Figure 8b,c) .
The right-hand graphs in Figure 8 (d) and (e) show close views of a region from À50 to +50. Regarding the observed strand bias in base composition in Figure 8 (b), regions [ii] , [iii] and [iv] were found to be reflected in the TATA type net generation rates, whereas this bias was less obvious in the Coreless type (Figure 8d,e) . Therefore, these strand biases in base composition are increasing. We could not detect a corresponding generation pressure for strand bias in the base composition for region [i] . (a)
Subsequently, we investigated which SNP types contribute to the observed differences in generation ratios. The ratios of each SNP type among the TATA and Coreless promoter types are shown in Figure 8(f-i) . One obvious feature of both promoter types was the generally very close ratios of SNP pairs in complementary strands (CT-GA, AT-TA, AG-TC, AC-TG, CA-GT and CG-GC). This suggests that SNP generation and fixation essentially occur in a strand-independent manner.
Of all SNP types shown in Figure 8 (f-i), the highest SNP ratios were observed for the CT and GA pair in both promoter types. This SNP pair occurs via the deamination of cytosine to uracil, which reportedly occurs at a high frequency (Collins and Jukes, 1994; Ossowski et al., 2010) . Our results indicate that the occurrence of this CT SNP on both DNA strands was the largest contributor to the A and T generation ratios and drove the AT-rich promoters of Arabidopsis (Figure 8b,c) . The CT-GA pairing contributed the largest reduction in total SNP rates at the proximal regions of all types of promoter (À400 to +100; Figure 8a ). This reduction was attributed to increased strand-independent selection pressure in the upstream region (À1000 to À400).
A careful look at the graphs in Figure 8 (f-i) reveals the loss of parity of SNP pairs in some local regions. A large break is observed in the CG-GC pair around the TSS in TATA-type promoters (À80 to +100 bp of the inserted graph; Figure 8h ). This SNP ratio strand bias is reflected in the higher C over G generation ratio (Figure 8d ) and in the type [iii] strand bias in base composition, which exhibits a higher rate of C over G (Figure 8b) for the TATA type.
In the TATA type, the CA-GT pair exhibits another large break in parity. The insert in Figure 8 (h) shows a higher GT ratio relative to the CA ratio in the region upstream of the TSS. However, this relationship is reversed in the downstream region. The strand break in the upstream region is consistent with a higher T over A generation rate (Figure 8d) and with a higher T over A ratio in the base composition of a region immediately upstream of the TATA box ([ii] , Figure 8b) . The CA over GT strand bias in a region downstream of the TSS is also consistent with a higher A over T generation rate (Figure 8d ) and higher A over T ratio in the base composition ([iv] , Figure 8b) .
Because the region downstream of the TSS contains the coding region, we attempted to identify the position of the observed bias relative to the ATG. TATA promoters were divided into three groups by 5 0 UTR length, and the CA and GT SNP ratios were recalculated for each group. As shown in Figure S16 , the peak position of CA and strand bias for CA over GT shift downstream as the 5 0 UTR length increased. This suggested that the strand bias position is determined by the ATG rather than the TSS. Therefore, we re-analyzed the base composition, net generation rate for each base and SNP ratios in accordance with the relative positions of TATA-type promoters to the ATG (Figure 9) .
Our results show a clear difference in A over T strand bias with the base composition of the regions upstream and downstream of the ATG, with the highest bias observed immediately upstream of the ATG ([iv 0 ], Figure 9a,b ). This clear difference provides a clearer focus than the results shown in Figure 8(b) . The findings suggest that the strand bias downstream of the TSS in Figure 8 (b) is located upstream of the ATG within the 5 0 UTR. This finding correlates with the higher A over T generation rate in this region (Figure 9c,d) .
In a survey of the SNPs corresponding to this strand bias (Figure 9e,f) , the greatest contribution was observed for the CA-GT pair. However, all the possible pairs for A/T generation (CT-GA, AT-TA and CA-GT) and disappearance (AG-TC and AC-TG) were observed, despite a bias towards strand bias regarding A over T generation upstream of the ATG within the 5 0 UTR. These biases in favor of A are less obvious for Coreless-type promoters ( Figure S17 ), suggesting that these bias trends are specific to the TATA type. The functional significance of A generation in this region is unclear, but one possible hypothesis is that an increase in A in the 5 0 UTR elevates the translational efficiency, as demonstrated in functional studies of Arabidopsis and yeast 5 0 UTRs (Kawaguchi and Bailey-Serres, 2005; Dvir et al., 2013) .
DISCUSSION

Comprehensive identification of Arabidopsis promoters by deep TSS sequencing
Our analysis provided substantial Arabidopsis TSS tag sequencing data, corresponding to a 175-fold increase over the dataset from our previous report (Yamamoto et al., 2009) and an 8-fold increase on the dataset reported by Figure 8 . Analysis of the appearance of single nucleotide polymorphisms (SNPs) among Arabidopsis intraspecies variants. Genome sequences of 81 Arabidopsis accessions (Cao et al., 2011) were subjected to a SNP analysis of the top genic promoters. SNP ratios were normalized according to the base composition for each promoter position ( Figure S14 ). The analysis included 16 896 top genic promoters for which SNP data were available for ≥40 accessions. The numbers of analyzed TATA-, GA-and Coreless-type promoters were 4383, 3003 and 4188, respectively. The SNP ratio data were subjected to smoothing with a bin of 21 bp, unless otherwise stated. (g, i) types. The color of each line graph corresponds to a SNP type, as indicated on the right sides of the graphs. The inset graphs in panels (h) and (i) present closer views of a region from À100 to +100. Morton et al. (2014) . This deeper analysis, which used tag libraries from various tissues, enabled the discovery of a much larger number of promoters in the Arabidopsis genome and yielded higher coverage of genic promoters for protein-coding genes [21 672/27 206 = 79.7% in this study, compared with 35.4% by Yamamoto et al. (2009) and 64.8% by Morton et al. (2014) ] and a more exact estimation of the number of promoters per gene (approximately 13 promoters and 2.7 genic promoters per gene) (Figure 2 ). This determination of genic promoters was based on our extended gene models and used independent paired-end TSS tag analyses, therefore this association is experimentally validated and reliable. The references to C2 tag information where necessary further indicate the high reliability of our promoter analysis. This approach helped us to avoid misleading characterizations of antisense promoters.
Promoter types and their characteristics
Genic promoters for miRNA. Many miRNAs are transcribed by RNA Pol-II in mammals (Bracht et al., 2004; Cai et al., 2004; Lee et al., 2004) as well as plants (Xie et al., 2005) . However, the promoter coverage ratio of miRNA genes observed in this study was significantly less (10.7%) than that of protein-coding genes. One possible reason for this low coverage ratio is the low stability of unprocessed transcripts with a cap for miRNA. Another possibility is that miRNAs are generated not only by RNA pol-II, but also by other RNA polymerases such as Pol-IV (Onodera et al., 2005) . The higher TATA ratios of the identified miRNA promoters (Figure 4b ) are consistent with a previous report (Xie et al., 2005) and might reflect the existence of many stress-responsive miRNA genes (Sunkar et al., 2012) , as TATA-type promoters are enriched within 'regulated' genes rather than 'constitutive' genes (Yamamoto et al., 2011b) .
Intragenic promoters. The identified promoters (i.e. TSS clusters) include 59.5% of intragenic promoters, much higher than the rate of 18.4% obtained for genic promoters (Figure 2b) . However, the tag counts for intragenic promoters comprise only 6.5% of the total TSS tags. These results indicate the existence of many intragenic promoters with generally low activity levels. Because a majority of the intragenic promoters are supported by C2 TSS tags ( Figure 2b ), most are considered to reflect actual transcriptional initiation events.
Intragenic promoters have a lower ratio of core promoter elements. In particular, the TATA ratio among intragenic promoters (3.8%) is considerably lower than that among genic promoters (19.5%) (Figure 4b ). In addition, the peak TSSs among intragenic promoters exhibited a poorer fit with the YR rule (42%), compared with the peak TSSs of genic promoters (84%), and the former exhibited a reduced preference for a dinucleotide sequence at the À1/ +1 location ( Figure S10 ). These unique features of intragenic promoters might suggest a difference from the mechanism of transcriptional initiation by genic promoters. They might depend on the 'open' state of intragenic regions with regard to chromatin structure and doublestrand DNA.
Antisense promoters. The results of the C2 tag analysis (Figure 2b ) suggested that antisense promoters contain the highest levels of uncapped RNA contamination from TSS tag preparation. This might be attributable to strong hybridization with mRNA during preparation. Antisense promoters also have lower TATA ratios than genic promoters (Figure 4b ). Low TATA ratios have also been reported in mammalian studies of antisense promoters (Orekhova and Rubtsov, 2013; Lin et al., 2016) . In addition, we observed that the promoter shape, which was determined by the distribution of TSSs, is the sharpest among all the promoter categories (Figure 4d ). Among genic promoters, a sharp shape correlates with a high TATA ratio (Yamamoto et al., 2009) . However, this correlation does not hold because antisense promoters have low TATA ratios. The factor determining the sharp shapes of antisense promoters without a TATA box remains unclear.
Orphan promoters. These promoters could not be associated with any gene model and are thought to comprise a mixture of promoters for unidentified genes and so-called transcriptional noise (H€ uttenhofer et al., 2005) when a complete block of transcriptional activity at all unnecessary genomic regions is difficult to achieve. To date, this type of promoter remains largely uncharacterized. Our initial attempts to understand orphan promoters revealed that these exhibit lower expression levels (Figure 4a ), lower TATA, Y, GA and REG ratios, and a higher Coreless ratio (Figure 4b ). Regarding the latter finding, we did not detect selection pressure on orphan promoter sequences, whereas some pressure was observed on genic promoters ( Figures S15 and 8a ). This suggests that orphan promoters are less biologically important than genic promoters.
In summary, non-genic and genic miRNA promoters generally share core elements with genic protein-coding gene promoters. Accordingly, these elements would be expected to share transcriptional initiation mechanisms.
However, intragenic promoters exhibited exceptional characteristics and may employ a different transcriptional initiation mechanism.
Enrichment of TATA-less promoters among chloroplast and mitochondrial genes In higher plants, Nakamura et al. (2002) reported a considerably higher abundance of TATA-less promoters among photosynthesis-related nuclear genes compared with nonphotosynthesis-related nuclear genes (62.5% versus 9.1%). Our genome-wide GO analysis revealed enrichment of the TATA-less promoters in chloroplast and mitochondrial protein-coding genes (Figure 5a ). These results are in conflict with a functional aspect of TATA-type promoters, which is high expression (Figure 5b) . One of the common features for nuclear-encoded chloroplast and mitochondrial proteins is their origin: both groups are enriched for genes originating from the corresponding organellar genomes (Smith, 2014) . Therefore, the historical aspect of these gene groups, which have been established through intracellular gene transfer, could be the reason for the observed enrichment. Results for genes having a cyanobacterial origin supported this idea (Figure 4a,b) .
5
0 UTRs for TATA-type promoters
High expression is one of the characteristics of genes with TATA-type promoters ( Figure S9 ), and this is attributed to high TATA-type promoter activity. TATA-type genes have shorter 5 0 UTRs that correlate with higher expression levels ( Figure 7) . Negative correlations between the 5 0 UTR length and gene expression level have also been reported in yeasts (Lin and Li, 2012) , plants (Yang, 2009; Yamamoto et al., 2011b) and chickens (Rao et al., 2013) . Interestingly, Kawaguchi and Bailey-Serres (2005) reported that, in Arabidopsis, 5
0 UTRs with lengths of 60 nucleotides exhibited the highest ribosome loading. Notably, this length was similar to the peak 5 0 UTR length that yielded the highest expression level (i.e. the greatest transcript accumulation) in this study (Figure 7) . It is therefore reasonable to assume that the short 5 0 UTRs associated with TATA-type promoters contribute to a high translation efficiency. Taking these results and interpretations into account, we suggest that these two features of TATA-type genes, high promoter activity and short 5 0 UTR, are not functionally connected but are rather the consequences of two parallel selection pressures directed toward high gene expression. A third feature observed in TATA-type genes is enrichment of the A nucleotide immediately upstream of the translational initiation codons (Figure 9a ). Here, strand bias towards A over T was observed, and the enrichment of A at this site was perpetuated by the biased appearance of SNPs (Figure 9c,d,f) . This position is a part of the Kozak sequence, which is important for efficient translation (Kozak, 1981) , and the Arabidopsis consensus fits with this sequence (À3:A/C, +4:G). Interestingly, A nucleotides at positions À1, À3, À4, À9 and À10 nt from the AUG were enriched among mRNA populations in polysome fractions from Arabidopsis (Kawaguchi and Bailey-Serres, 2005) . Similar results have also been reported for yeast (Gingold and Pilpel, 2011; Dvir et al., 2013) . Therefore, the highest A base compositions observed in the regions immediately upstream of ATG sites in Arabidopsis TATA-type genes yielded a high level of translational efficiency. This trend is stronger in genes with a TATA-type promoter than in those with a Coreless-type promoter. Again, this is considered a consequence of another parallel selection pressure directed towards high gene expression.
Refinement of promoter sequences towards the characteristics of the majority
An analysis of SNPs among natural variants of Arabidopsis revealed several trends. A sensitive comparison of SNP pair appearance rates detected strand bias in specific regions of the promoter structure. Assuming that SNP generation occurs evenly along DNA strands, the detection of strand biases suggests the presence of corresponding selection pressure during SNP fixation among Arabidopsis populations.
One surprising finding from our series of SNP analyses was that the majority of detected SNP biases and trends are already reflected in the majority of the current promoter sequences. These trends included low GC content throughout the promoter region and the overrepresentation of C over G around the TSS, dominance of A in the immediate upstream region of the ATG, and strand bias towards T in the immediate upstream region of the TATA box for TATA-type promoters. A possible interpretation is that these biases occur in promoters with sequences that do not follow the characteristics of the majority of promoters, thus representing the progression from a premature to a mature promoter sequence. Notably, all local biases in base compositions and SNP ratios are more evident among TATA-type promoters than among Coreless-type promoters. These differences suggest that more restrictions have been placed on the full promoter function of the former type.
Three genic promoters per gene
Our paired-end and single-end deep sequencing of various TSS tag libraries revealed an average of 2.7 genic promoters per gene. Our genome-wide analysis first identified that one of these promoters predominantly determines the expression of the corresponding gene (i.e. is responsible for >80% of gene expression) whereas the contributions of the companion promoters are minimal (Figure 6a) .
It is not easy to determine the physiological benefits conferred by the allocation of three promoters per gene. The detection of as many as 34 549 orphan promoters (Figure 2b ) in a genome might reflect the probabilistic difficulty of suppressing unnecessary transcriptional initiation throughout the genome. From this point of view, these promoters might have been somewhat disadvantageous, rather than advantageous, as demonstrated by the observed low expression levels. In contrast, the presence of multiple genic promoters might have negligible levels of disadvantage, so that they might be 'allowed' to stay. There is also a possibility of independent regulation of these promoters with physiological significance, although further studies in this vein are needed.
We also found that the dominance of the top promoter increased in proportion to the gene expression level. This finding suggests that gene expression is elevated in response to an increase in dominance of the top promoter, with no contribution from the companion promoters. Logically, this path would require fewer steps than would parallel enhancement of all genic promoters for a particular gene and would thus seem more reasonable, as the addition of a transcriptional positive regulatory element is known to enhance the corresponding promoter activity in a synergistic, not additive, way.
EXPERIMENTAL PROCEDURES Plant growth and RNA extraction
Several tissues of Arabidopsis thaliana (Col-0), including roots, shoots from seedlings, flower inflorescences and etiolated and light stress-treated seedlings, were harvested to prepare TSS tag libraries. The preparation of all tissues other than light stress-treated seedlings was described in a previous report (Yamamoto et al., 2009) ; light stress-treated seedlings were prepared according to Kimura et al. (2001) . Total RNA was individually extracted as described previously (Tokizawa et al., 2015) .
Oligo-cap libraries were prepared according to Tsuchihara et al. (2009) from 100 lg each of total RNA from leaves, roots, flower inflorescences, etiolated seedlings and light stress-treated seedlings (Yamamoto et al., 2009 ) and subjected to single-end sequencing using GA IIx (Illumina) at the Institute of Medical Science of University of Tokyo.
Random sequencing and data processing CAGE and oligo-cap TSS libraries were subjected to pairedand single-end read sequencing analyses of 35-bp fragments, respectively, using GA IIx (Illumina). Totals of 241 906 027 and 81 481 461 raw reads were obtained from the CAGE and oligocap libraries, respectively. Raw reads were filtered to remove low-quality sequences using Trimmomatic (v. 0.33) (Bolger et al., 2014) , and those with no cap signature were removed manually. The remaining sequence tags were mapped to the Arabidopsis genome (Col-0, TAIR10; Lamesch et al., 2012) using BWA (Li and Durbin, 2009 ) and MAQ (Li et al., 2008) , which allowed unique mapping and mismatches of a maximum of 2 bp. Sequence reads that mapped to nuclear ribosomal DNA, chloroplast DNA or mitochondria DNA were removed from the TSS libraries. The final numbers of TSS tags from CAGE and oligo-cap libraries were 26 817 002 and 33 172 231, respectively. Both TSS tag sets were C1 type and are illustrated in Figure S3 .
In silico analysis
The 5 0 UTRs of the TAIR10 (or Araport11) gene model were extended using paired-end CAGE analysis data sets, as shown in Figure 1(a) . For each gene model, paired-end TSS tags for which the 3 0 part was located within the gene model were selected from the total tags, and the 5 0 -most end of the 5 0 part of each tag was set as the extended 5 0 end of the UTR if it was located upstream of the 5 0 end of the corresponding gene model. This extension process was repeated 20 times using in-house R scripts. When the maximum 5 0 UTR extended into the next gene model, the closer end of the invading gene model was set as the 5 0 end of the maximum 5 0 UTR to avoid overlap of the two gene models. This rule facilitated the classification of promoters into genic, intragenic and antisense groups. When two gene models were nested, the larger model was selected for promoter categorization. Figure S1 illustrates the steps for clustering TSS tags. We applied the following rules: (i) TSS tags with a distance of >20 bp were divided into different clusters, and (ii) secondary peaks (see Figure S1 ) with a distance of >100 bp were divided into different clusters. C1 TSS tags from single-end sequencing analyses of oligo-cap libraries were filtered to prepare C2 tags with a mismatch at the cap signature, as illustrated in Figure S3 . These were used to calculate the ratios of C2 tags as shown in Figures 2(b) and S4.
Those TSS clusters mapped to the Arabidopsis genome were then categorized into genic, intragenic, antisense and orphan groups according to the relative positions of their peak TSS positions and the expanded gene models containing maximum 5 0 UTRs, as shown in Figure 2(a) . The promoters were categorized as follows: genic, clusters in the maximum 5 0 UTR with the same direction as the focused gene; intragenic, clusters in a region from the translation start site to the end of the gene model with the same direction as the focused gene; antisense, clusters within transcribed regions with the opposite direction as the focused gene; and orphan, clusters not designated genic, intragenic or antisense. This categorization was conducted by in-house R scripts.
Core elements for each promoter were detected using previously identified octamers (Yamamoto et al., 2007b (Yamamoto et al., , 2009 . No mismatch was allowed for the detection. A GO analysis was conducted using TAIR10 GO information (https://www.arabidop sis.org). A list of Arabidopsis genes thought to be of cyanobacterial origin was prepared by Martin et al. (2002) . Overall, 797 genes speculated to be of cyanobacterial origin were included in the GO analysis. The statistical significance of these results was evaluated using Fisher's exact test.
Single nucleotide polymorphisms from 80 Arabidopsis accessions with the reference genome of Col-0 were detected according to the genome sequences determined by Cao et al. (2011) . Considering that the genome sequencing coverage for each accession was incomplete, promoter sequences from À1000 to +100 bp relative to peak TSSs for which SNP data were available for ≥40 accessions throughout the region were subjected to a SNP analysis. Accordingly, 16 896 genic top promoters and 22 981 orphan promoters were subjected to this analysis. We did not consider the number of accessions involving SNPs from the reference genome. Rather, the presence or absence of SNPs among the analyzed population at each promoter position was used to calculate the SNP ratio. The observed SNP ratios were normalized according to the base composition, as shown in Figure S14 , and subjected to 21-bin smoothing as described. The net generation rate for each base (Figure 8d ,e) was calculated by adding the appropriate SNP ratios for generation and subtracting the appropriate SNP ratios for disappearance as follows: A = CA + GA + TA À AC À AG À AT, C = AC + GC + TC À CA À CG À CT, G = AG + CG + TG À GA À GC À GT, T = AT + CT + GT À TA À TC À TG.
The original scripts used in this study are available at GitHub at the following URLs: TSS tag clustering https://github.com/yyyama moto/TSS-analysis; extension of 5 0 UTRs https://github.com/k-ca mphortree/TSSanalysis.
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